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AGREEMENT BETWEEN EXPERIMENTAL AND THEORETICAL EFFECTS OF NITROGEN GAS FLOWRATE ON L IQUID JET ATOMIZATION 
Robert  D. Ingebo 
N a t i o n a l  Aeronaut ics  and Space A d m i n i s t r a t i o n  
Lewis Research Center  
Cleveland, Oh io  44135 
A b s t r a c t  
Two-phase f l o w s  were i n v e s t i g a t e d  by  us ing  
h i g h  v e l o c i t y  n i t r o g e n  gas streams t o  atomize sma l l -  
d i a m e t e r  l i q u i d  j e t s .  T e s t s  were conducted  pr imar -  
i l y  i n  t h e  acce le ra t ion-wave reg ime f o r  l i q u i d  j e t  
a t o m i z a t i o n ,  where i t  was found  t h a t  t h e  l o s s  o f  
d r o p l e t s  due t o  v a p o r i z a t i o n  had a marked e f f e c t  on 
d r o p  s i z e  measurements. I n  a d d i t i o n ,  f o u r  i d e n t i -  
c a l l y  des igned  t w o - f l u i d  a tomize rs  were f a b r i c a t e d  
and t e s t e d  f o r  s i m i l a r i t y  o f  s p r a y  p r o f i l e s .  
s c a t t e r e d - l i g h t  scanner, deve loped a t  NASA Lewis 
Research Center ,  was used t o  measure a c h a r a c t e r i s -  
t i c  d r o p  d iameter ,  Dc, wh ich  was c o r r e l a t e d  w i t h  
n i f r o g e n  gas f l o w r a t e ,  Wn, i n  t h e  exp ress ion  
D c  = kW:. may be expre-zcd  as volume median, 
Dv.5, Sau te r  mean, D32, o r  vo lume- l i nea r  mean, 
D31, d r o p  d iamete r .  A t  a d i s t a n c e  o f  2.2 cm down- 
s t ream f r o m  t h e  a tomize r  and a wa te r  f l o w r a t e  o f  
A 
Dc 
3.15 g l s e c ,  t h e  f o l l o w i n g  exp ress ions  were ob ta ined:  
%.5 = 240 W;*”, D;: = 320 W i ’ 3 3 ,  D i :  = 400 W A ’ 3 3 ,  
where Dc and Wn a r e  g i v e n  i n  c e n t i m e t e r s  and 
grams p e r  second, r e s p e c t i v e l y .  The exponent o f  
1.33 f o r  n i t r o g e n  gas f l o w r a t e  i s  i d e n t i c a l  t o  t h a t  
p r e d i c t e d  b y  a t o m i z a t i o n  t h e o r y  f o r  l i q u i d  j e t  
b reakup i n  t h e  acce le ra t ion-wave regime. Th is  i s  
h i g h e r  t h a n  t h e  v a l u e  o f  1.2 wh ich  was p r e v i o u s l y  
o b t a i n e d  a t  a sampl ing  d i s t a n c e  o f  4.4 cm down- 
s t ream o f  t h e  a tomize r .  The d i f f e r e n c e  i s  a t t r i b u -  
t e d  t o  t h e  f a c t  t h a t  d rop -s i ze  measurements ob ta ined  
a t  a 2.2 cm sampl ing  d i s t a n c e  a r e  l e s s  e f f e c t e d  b y  
v a p o r i z a t i o n  and d i s p e r s i o n  o f  sma l l  d r o p l e t s  and 
t h e r e f o r e  shou ld  g i v e  b e t t e r  aqreement w i t h  atomi- 
z a t i o n  t h e o r y .  P r o f i l e s  o f  c h a r a c t e r i s t i c  drop 
d i a m e t e r s  were a l s o  o b t a i n e d  b y  mak ing  a t  l e a s t  
f i v e  l i n e - o f - s i g h t  measurements ac ross  t h e  spray a t  
s e v e r a l  h o r i z o n t a l  p o s i t i o n s  above and below t h e  
c e n t e r  l i n e  o t , t h e  spray.  Comparisons o f  spray 
symmetry o f  D,.5 p r o f i l e s  were mad? f o r  t h e  f o u r  
i d e n t i c a l  a tomize rs  and va lues  o f  Dv.5 ob ta ined  
near  t h e  sp ray  c e n t e r  l i n e  were found  t o  be  cons id -  
e r a b l y  h i g h e r  t h a n  t h e  o v e r a l l  va lues  of Dv.5 
o b t a i n e d  f o r  t h e  e n t i r e  spray .  
I n t r o d u c t i o n  
I n  an exper imen ta l  i n v e s t i g a t i o n  o f  two-phase 
i n t e r a c t i n g - f l o w s ,  c h a r a c t e r i s t i c  d r o p  diameters and 
s p r a y  p r o f i l e  d a t a  were o b t a i n e d  f o r  sma l l  l i q u i d  
j e t s  a tomized w i t h  h i g h  v e l o c i t y  n i t r o g e n  gas 
s t reams.  A r e c e n t l y  improved s c a t t e r e d - l i g h t  scan- 
ner ,  deve loped a t  t h e  NASA Lewis  Research Center, 
was used t o  o b t a i n  t h e  d rop  s i z e  da ta .  The i n s t r u -  
ment was p r i m a r i l y  des igned t o  s t u d y  sma l l -d rop le t  
s p r a y s  w i t h  Sau te r  mean d iamete rs  i n  t h e  o rde r  o f  
10 urn. Such spray5 a r e  u s e f u l  i n  s i m u l a t i n q  c louds  
f o r  i c i n g  r e s e a r c h  and combust ion  s t u d i e s  o f  r a p i d l y  
v a p o r i z i n g  f u e l  sprays.  A t  p resent ,  v e r y  l i t t l e  
d a t a  a r e  a v a i l a b l e  on , sma l l -d rop le t  sp rays  due t o  
d i f f i c u l t i e s  i n v o l v e d , i n  p r o d u c i n q  and rneasurinq 
c h a r a c t e r i s t i c  d r o p  s i z e s  i n  t h e  o r d e r  o f  10 pm. 
stream, b o t h  a t o m i z a t i o n  and v a p o r i z a t i o n  can occu r  
When a l i q u i d  j e t  i s  i n j e c t e d  i n t o  an a i r -  
s imu l taneous ly .  I n  o r d e r  t o  de te rm ine  t h e  i n i t i a l  
d r o p  s i z e  o f  a s p r a y  f r o m  d a t a  o b t a i n e d  downstream 
o f  an a tomize r ,  t h e  e f f e c t  o f  v a p o r i z a t i o n  on t h e  
d r o p  s i z e  must be known. I n  Ref.  1, t h e  e f f e c t  o f  
mass v e l o c i t y  o f  t h e  n i t r o g e n  gas f l o w ,  pnVn, on  
t h e  volume median d rop  d iameter ,  Dv.5 was d e t e r -  
mined and i t  was found  t h a t  Dv.5 - (pnVn) -o*8  a t  a 
sampl ing  d i s t a n c e  o f  25 cm downstream o f  t h e  a tomi -  
zer .  I n  a l a t e r  study,’ va lues  o f  Dv.5 were  
de termined a t  4.4 cm downstream o f  t h e  a tomize r  and 
i t  was found  t h a t  Dv.5 - (pnVn)-1.2. The decrease 
i n  t h e  exponent f r o m  -1.2 t o  -0.8, when samp l ing  
d i s t a n c e  i s  i nc reased  f r o m  4.4 t o  25 cm, was 
a t t r i b u t e d  t o  t h e  e f f e c t  o f  v a p o r i z a t i o n  on t h e  
d r o p  s i z e  measurements. 
From t h e  s t u d y  r e p o r t e d  i n  Ref .  2, i t  was 
found  t h a t  d r o p  s i z e  d a t a  shou ld  b e  t a k e n  as c l o s e  
t o  t h e  a tomize r  as p o s s i b l e  i n  o r d e r  t o  m i n i m i z e  
v a p o r i z a t i o n  e f f e c t s .  As a r e s u l t ,  t h e  p r e s e n t  
s t u d y  was under taken  p r i m a r i l y  t o  o b t a i n  d r o p  s i z e  
d a t a  even c l o s e r  t o  t h e  a tomize r  o r i f i c e  t o  d e t e r -  
mine  i f  t h e  exponent  f o r  pnVn wou ld  c o n t i n u e  t o  
i n c r e a s e  as a x i a l  Fampl ing d i s t a n c e  decreased. I f  
a sample were t a k e n  t o o  c l o s e  t o  t h e  a tomizer ,  how- 
ever ,  t h e  exponent f o r  pnVn c o u l d  a l s o  decrease 
due t o  i ncomp le te  f o r m a t i o n  o f  t h e  l i q u i d  i n t o  
d rop1  e t s .  
f o r c e s  on c h a r a c t e r i s t i c  d rop  s i z e s  o f  a tomized 
1 i q u i d  j e t s ,  t h e  sca t te red -1  i q h t  scanner  o r i q i n a l l y  
d e s c r i b e d l  was m o d i f i e d  f o r  use  i n  t h e  p r e s e n t  
s tudy .  I t  was m o d i f i e d  n o t  o n l y  t o  measure t h e  
o v e r a l l  d r o p  s i z e  c h a r a c t e r i s t i c s  o f  t h e  sp ray  b u t  
a l s o  t o  o b t a i n  s e v e r a l  l i n e - o f - s i g h t  d rop  s i z e  p r o -  
f i l e s  a t  v a r i o u s  sampl ing  l o c a t i o n s  downstream o f  
t h e  a tomizer .  F o r  t h i s  measurement, t h e  l a s e r  beam 
s i z e  was decreased and b y  a d j u s t i n g  t h e  a tomize r  up 
and down f r o m  t h e  c e n t e r  l i n e ,  a t  l e a s t  f i v e  l i n e -  
o f - s i g h t  measurements were o b t a i n e d  ac ross  t h e  
sp ray  c r o s s  s e c t i o n .  The i n s t r u m e n t  was a l s o  used 
t o  o b t a i n  exponents  f o r  t h e  Rosin-Rammler and 
Nukiyama-Tanasawa d rop  s i z e  d i s t r i b u t i o n  
e x w e s s i o n s .  
To i n v e s t i g a t e  t h e  e f f e c t  o f  aerodynamic 
I n  t h e  p r e s e n t  s tudy ,  va lues  o f  t h e  volume- 
l i n e a r  mean d r o p  d iameter ,  D31, were measured w i t h  
t h e  s c a t t e r e d - l i g h t  scanner as w e l l  as exponents  
f o r  t h e  two d r o p  s i z e  d i s t r i b u t i o n  exp ress ions  men- 
t i o n e d  above. A l l  o f  t h e  sp rays  were formed i n  a 
l o w  v e l o c i t y ,  5 mlsec, a i r f l o w  t o  a i d  i n  t r a n s p o r t -  
i n g  sma l l  d rops  t h r o u g h  t h e  l a s e r  beam. L i q u i d  and 
gas p ressu res  f o r  t h e  a tomize rs  were v a r i e d  ove r  a 
range  o f  0.2 t o  1.0 MPa and t h e  r e s u l t i n g  sp rays  
were sampled a t  d i s t a n c e s  o f  2.2, 4.4, and 6.7 cm 
downstream o f  t h e  a tomize r  o r i f i c e .  
Nomenclature 
b d r o p  s i z e  parameter  i n  Nukiyama-Tanasawa 


















d r o p  s i z e  parameter i n  Rosin-Rammler expres-  
s ion ,  cm 
c h a r a c t e r i s t i c  d rop  d iamete r  measured f o r  
e n t i r e  spray ,  cm 
c h a r a c t e r i s t i c  d rop  d iamete r  f o r  
l i n e - o f - s i g h t  measurements, cm 
d iamete r  o f  i t h  d rop ,  cm 
volume median drop d iameter ,  cm 
Sau te r  mean drop d iameter ,  xi nDi/ 3 
xi nD:, cm 
vo lume- l i nea r  mean drop  d iameter ,  [xi nDil 3 
xi cm 
c o r r e l  a t  i on c o e f f i c i e n t  , sec 19-cm 
exponent f o r  Nukiyama-Tanasawa d r o p  s i z e  
d i s t r i b u t i o n  express ion  
exponent f o r  Rosin-Rammler d r o p  s i z e  d i s t r i -  
b u t i o n  express ion  
number o f  d r o p l e t s  
volume f r a c t i o n  o f  d r o p l e t s  h a v i n g  d iamete r  x 
w e i g h t  f l o w  o f  f l u i d ,  l b / s e c  o r  g l s e c  
d r o p l e t  d iameter  i n  d r o p  s i z e  d i s t r i b u t i o n  
express ions ,  cm 
a x i a l  downstream sp ray  sampl ing  d i s tance ,  cm 
S u b s c r i p t s  
n n i t r o g e n  gas 
W wa te r  
Apparatus and Procedure  
The t e s t  sec t ion ,  s c a t t e r e d - l i g h t  scanner, and 
a u x i l i a r y  equipment are shown i n  F i g .  1. 
p l i e d  a t  ambient temperature,  293 K ,  passed t h r o u q h  
t h e  0.24 m i n s i d e  d iameter  t e s t  s e c t i o n  wh ich  
exhausted  t o  t h e  atmosphere. 
1 m i n  l e n g t h  and a 5.08 cm d iamete r  o r i f i c e  was 
used t o  measure a i r f l o w  r a t e  i n  t h e  t e s t  s e c t i o n .  
W i t h  a c o n t r o l  va lve ,  an a i r s t r e a m  v e l o c i t y  o f  
5 mlsec was main ta ined i n  t h e  t e s t  s e c t i o n  t o  a i d  
i n  t r a n s p o r t i n g  smal l  d r o p l e t s  th rough  t h e  l a s e r  
beam. 
A i r  sup- 
The t e s t  s e c t i o n  was 
To s t u d y  l i q u i d  j e t  breakup, a pneumatic two- 
f l u i d  a tomize r  w i t h  a s s i s t  n i t r o g e n  gas f l o w  was 
used t o  p roduce c louds  o f  sma l l  d r o p l e t s .  The 
a tomize r  shown i n  F i g .  2 was mounted a t  t h e  c e n t e r  
l i n e  o f  t h e  24  cm d iameter  d u c t  and opera ted  o v e r  
p ressu re  ranges  o f  0.2 t o  1.0 MPa f o r  b o t h  wa te r  
and n i t r o g e n  gas. 
s t ream i n t o  t h e  a i r f l o w  j u s t  ups t ream of t h e  d u c t  
e x i t .  
4.4, and 6.7 cm downstream o f  t h e  a tomize r  o r i f i c e  
w i t h  t h e  4.4 by  1.9 cm r e c t a n g u l a r  l a s e r  beam. A 
d iagram of t h e  a tomizers  used i n  t h e  p r e s e n t  s t u d y  
i s  shown i n  F i g .  3. They were des igna ted  as S-4, 
W a t P r  sprays  were i n j e c t e d  down- 
The sp rays  were sampled a t  d i s t a n c e s  o f  2.2, 
S-14, S-53, and S-94 and a l l  were f a b r i c a t e d  f r o m  
t h e  same des ign .  
Water a t  a tempera tu re  o f  293 K, measured w i t h  
an I.C. thermocouple,  was a x i a l l y  i n j e c t e d  i n t o  t h e  
a i r s t r e a m  b y  g r a d u a l l y  open ing  a c o n t r o l  v a l v e  u n t i l  
t h e  d e s i r e d  f l o w  r a t e  was o b t a i n e d  as i n d i c a t e d  b y  
a t u r b i n e  f l owmete r .  N i t r o g e n  gas was t h e n  t u r n e d  
on t o  a tomize  t h e  w a t e r  j e t  and w e i g h t  f l o w r a t e  was 
measured w i t h  a 0.51 cm d iamete r  sha rp  edge o r i f i c e .  
A f t e r  a i r ,  n i t r o g e n ,  and w a t e r  f l o w r a t e s  were s e t ,  
volume median and o t h e r  c h a r a c t e r i s t i c  d rop  diame- 
t e r s  and exponents  f o r  d r o p  s i z e  d i s t r i b u t i o n  
e x p r e s s i o n s  were de termined u s i n g  t h e  s c a t t e r e d -  
l i g h t  scanner.  
F i g .  2. 
a 0.003-cm-diameter ape r tu re ,  a 7.5-cm-diameter 
c o l l i m a t i n g  lens ,  a 10-cm-diameter c o n v e r g i n g  l ens ,  
a 5-cm-diameter c o l l e c t i n g  l ens ,  a scann ing  d i s k  
w i t h  a 0.05-cm s l i t ,  a t i m i n g  l i g h t ,  and a photo-  
m u l t i p l i e r  d e t e c t o r .  
The s p a t i a l  r e s o l u t i o n  o f  t h e  s c a t t e r e d - l i g h t  
scanner i s  2.86 cm and cor responds t o  t h e  l a s e r  
beam d iamete r .  A s u f f i c i e n t  volume o f  each sp ray  
was sampled t o  m i n i m i z e  s p r a y  p a t t e r n  e f f e c t s  when 
measur ing  c h a r a c t e r i s t i c  mean d r o p  d iamete rs  f o r  
t h e  e n t i r e  spray.  E f f e c t s  o f  t h e  d r o p  s i z e  d i s t r i -  
b u t i o n  f u n c t i o n  on s c a t t e r e d - l i g h t  scanner  m asure- 
ments i s  d i scussed  i n  d e t a i l . 3  I t  was f o u n d  t h a t  
t h e  i r r a d i a n c e  d i s t r i b u t i o n  i s  o n l y  weak ly  r e l a t e d  
t o  t h e  p a r t i c l e  d iamete r  d i s t r i b u t i o n  f u n c t i o n ,  and 
t h e r e f o r e ,  i r r a d i a n c e  d i s t r i b u t i o n  was used t o  
de te rm ine  c h a r a c t e r i s t i c  d r o p  d iamete rs  and changes 
i n  t h e  d r o p  s i z e  d i s t r i b u t i o n  f u n c t i o n  were assumed 
t o  have a n e g l i g i b l e  e f f e c t  on d r o p  s i z e  measure- 
ments. R e p r o d u c i b i l i t y  t e s t s  gave exper imen ta l  
measurements o f  d rop  s i z e  t h a t  agreed w i t h i n  
f5 p e r c e n t .  F i v e  s e t s  o f  monosized p o l y s t y r e n e  
spheres  h a v i n g  d iamete rs  o f  8, 12, 25, 50, and 
100 pm, were used t o  c a l i b r a t e  t h e  s c a t t e r e d - l i g h t  
scanner. 
s c a t t e r e d - l i g h t  scanner,  t h e  mean d r o p  d iamete r  
range, and t h e  method o f  d e t e r m i n i n g  mean o r  median 
p a r t i c l e  d i a m e t e r  can be  f o u n d  i n  Refs .  3 and 4. 
T e s t s  were made w i t h  f o u r  pneumat ic  t w o - f l u i d  
a t o m i z e r s  f a b r i c a t e d  f r o m  t h e  same d e s i g n  and t h e  
volume median, Dv.5, t h e  Sau te r  mean, 032, and t h e  
vo lume- l i nea r  mean, D31, d r o p  d iamete rs  were meas- 
u r e d  w i t h  t h e  s c a t t e r e d - l i g h t  scanner.  The e n t i r e  
c l o u d  o f  d r o p l e t s  was sampled a t  t h r e e  a x i a l  l oca -  
t i o n s  downstream o f  t h e  a tomize rs .  A l so ,  l i n e - o f -  
s i g h t  p r o f i l e s  o f  c h a r a c t e r i s t i c  d r o p  d iamete rs  
were o b t a i n e d  t o  de te rm ine  t h e  s p a t i a l  d i s p e r s i o n  
o f  t h e  s p r a y  as a f u n c t i o n  o f  t h e  n i t r o g e n  gas 
f l o w r a t e ,  wa te r  f l o w r a t e ,  and t h e  s p r a y  sampl ing  
d i s t a n c e  downstream o f  t h e  a tomize r .  Drop-s ize  
d i s t r i b u t i o n  exponents  f o r  b o t h  t h e  Rosin-Rammler 
and t h e  Nukiyama-Tanasawa exp ress ions  were a l s o  
de te rm ined  w i t h  t h e  s c a t t e r e d - l i g h t  scanner. 
The o p t i c a l  sys tem i s  shown i n  
I t  c o n s i s t e d  o f  a 1-mW hel ium-neon l a s e r ,  
5 
A more comple te  d e s c r i p t i o n  o f  t h e  
Exper imen ta l  R e s u l t s  
The f o u r  a tomize rs  were i n i t i a l l y  t e s t e d  a t  an  
a x i a l  downstream d i s t a n c e  o f  4.4 cm. The e f f e c t  of 
a x i a l  sampl ing  d i s t a n c e  on c h a r a c t e r i s t i c  d rop  s i z e  
was t h e n  i n v e s t i g a t e d  and a compar ison was made of 
t h r e e  c h a r a c t e r i s t i c  d rop  s i z e  exp ress ions .  
F i n a l l y ,  l i n e - o f - s i g h t  p r o f i l e s  o f  t h e  c h a r a c t e r -  
i s t i c  d rop  d iameter ,  Dv.5, were o b t a i n e d  f o r  each 
of  t h e  f o u r  a tomizers .  C h a r a c t e r i s t i c  exponents 
2 
for Rosin-Rammler and Nukiyama-Tanasawa drop-size 
distribution expressions were also determined. 
Comparisons of Performance o f  Similar Atomizers 
Volume median drop diameters produced by the 
four atomizers 5-4, S-14, S-53, and S-94 were meas- 
ured with the scattered-light scanner. All four 
atomizers were constructed from the design shown in 
Fig. 3. In Fig. 4(a) to (d), the reciprocal of the 
volume median drop diameter 
versus nitrogen gas flowrate. 
varied from 3.15 to 9.46 glsec and the drop size 
data were obtained at a distance of 4.4 cm down- 
stream of the atomizer. From these plots, the fol- 
lowing general expression was derived for the four 
atomizers: D7t5 - Wfts2. In order to compare 
their atomizing performance, the following expres- 
sions were derived for atomizers 5-4, s-14, s-53, 
and S-94, respectively: DvS5 = 310 W:'2, D;!5 = 
D,!5 is plotted 
Water flowrate was 
1 
293 Wia2, Dit5 = 277 Wi.2, and D i . 5  1 = 300 W:"
where the correlation coefficient, k, was evaluated 
at a constant water flowrate of 3.15 glsec, and 
Dv15 is given in cm-l. 
values of k differ by approximately 10 percent. 
This variation between atomizers is somewhat greater 
than desired in the design of an array of atomizers 
for application in a combustor or an icinq wind 
tunnel and it was attributed to variations in physi- 
cal dimensions of the atomizers such as tubinq size 
and the 0.32 cm diameter orifice. 
The highest and lowest 
Effect of Axial Sampling Distance on Characteristic 
Drop Size 
The entire spray was sampled at axial distances 
of x = 2.2, 4.4, and 6.7 cm where X is the dis- 
tance from the atomizer orifice to the center line 
of the laser beam as measured along the spray center 
line. Water flowrate was held approximately Con- 
stant at 3.15 glsec and characteristic drop diame- 
ters, Dv.5 and 032, were measured and plotted 
against nitrogen gas flowrate, Wn, as shown i n  
Figs. 5(a) and (b). All of the atomizers were used 
for this series of tests, and the data plotted in 
Fig. 5(a) show that: 
D;!5 - w;s2 
at values of X = 2.2, 4.4, and 6.7 cm, respec- 
tively. 
Sauter mean diameter, 032. 
Figure 5(b) gives similar results for the 
In the preceding expressions, Dv.5 - Wi.33 as 
obtained at 2 = 2.2 cm, agrees with that qiven by 
atomization theory for l i  uid jet breakup in the 
acceleration-wave regime. 2 
Measurements bbtained at x = 2.2 cm are less 
affected by vaporization and dispersion of the very 
small droplets as compared with measurements made 
farther downstream from the atomizer orifice. 
Values of the exponent, n, obtained in other 
experimental studies are also shown in Table 1 for 
comparison with atomization theory. 
Comparison of Characteristic Drop Size Expressions 
D32, and 
031, were determined using atomizer S-&o produce 
sprays which were sampled at downstream distances of 
x = 2.2, 4.4, and 6.7 cm. I n  Figs. 6(a) to (c) the 
reciprocals of the characteristic drop diameters 
Characteristic drop diameters, Dv 
- 
O;!5, D i i ,  and O i l  1 with units of cm-l are 
plotted against nitrogen 9as flowrate raised to the 
exponent a, which was determined from Fig. 5 as a 
function of the spray samplinq distance X. From 
the plots shown in Fig. 6, the values of the corre- 
lation coefficient k were determined and the fol- 
lowing general expression was derived: 
-1 Dc = kWi 
where Dc is a characteristic drop diameter. At 
the samplinq distance of X = 2.2 cm, the followinq 
expressions were obtained: 
D;!5 = 240 Wk'33 
1 1.33 O i l  = 400 Wn 
The correlation coefficient, k, and nitrogen gas 
flowrate exponent, a, are given in Table 2 for com- 
parison. It is interesting to note that at any of 
the three sampling distances, the value of k var- 
ied by only about *6 percent whereas the exponent 
a changed from 1.33 to 1.0 when X was increased 
from 2.2 to 6.7 cm. These results indicate that 
vaporization and dispersion of the small drops had 
only a minor effect on the correlation coefficient 
k but a major effect on the exponent a. 
Profiles of Characteristic Drop Diameter, D i . 5  
The beam height of the scattered-light scanner 
was reduced from 4.4 to 0.64 cm and line-of-sight 
measurements of the characteristic drop diameter 
were obtained at several horizontal locations in 
each spray. 
four ptomizers S-4, S-14, S-53, and S-94 and values 
of Dv.5 are plotted against horizontal location 
as shown in Fig. 7. The spray profile data were 
obtained for the four atomizers at constant water 
and nitrogen gas flowrates and an axial downstream 
sampling distance of 2 = 4.4 cm. 
1 ine were reduced nearyy 50 percent, from approxi- 
mately 60 to 30 urn, when the nitrogen gas flowrate 
was increased from 1.59 to 2.59 glsec. 
reduction in Ov.5 occurred near the upper and 
lower fringes of the sprays. The asymmetry o f  the 
spray profiles was attributed to the effect o f  
gravity on the drops and also to slight misalign- 
ments of the,center tubes of the various atomizers. 
Values of Dv.5 show relatively good uniformity 
of drop sizelfor the four atomizers. 
values of 0, 5 for the four atomizers were in 
the order of 10 to 20 percent. 
Measurements were obtained for the 




C h a r a c t e r i s t i c  Exponents f o r  Drop-Size D i s t r i b u t i o n  
Express1 ons 
The s c a t t e r e d - l i g h t  scanner qave d a t a  f o r  t h e  
exponent 
exp ress ion  as f o l l o w s :  
Nr, wh ich  appears i n  t h e  Rosin-Rammler 
Data  were a l s o  ob ta ined f o r  t h e  exponent 
wh ich  appears i n  t h e  Nukiyama-Tanasawa e x p r e s s i o n  
as f o l l o w s :  
Nn, 
6/Nn Nn dv b 5 -bx 
z=r(6iNnlX e 
From a p l o t  o f  t he  d a t a  o b t a i n e d  w i t h  t h e  f o u r  
a tomize rs ,  as shown i n  F i q .  8 t h e  f o l l o w i n g  r e l a t i o n  
was de te rm i  ned : 
0.45 N = 2.8N r n 
w h i c h  i s  t h e  same as t h a t  d e r i v e d  i n  Ref .  1. Thus 
i t  was found  t h a t  a l t hough  t h e  tiownstream d i s t a n c e ,  
x, was v a r i e d  f r o m  2.2 t o  6.7 cm, t h e  r e l a t i o n  
between t h e  exponents was n o t  a p p r e c i a b l y  a f fec ted  
b y  v a p o r i z a t i o n  and d i s p e r s i o n  o f  t h e  sma l l  
d r o p l e t s .  
Concluding Remarks 
When c h a r a c t e r i s t i c  d rop  d iamete rs  o f  wa te r  
sprays  were measured w i th  t h e  s c a t t e r e d - l i g h t  scan- 
n e r  a t  a d i s t a n c e  o f  2.2 cm downstream o f  t h e  o r i -  
f i c e  o f  a pneumatic t w o - f l u i d  a tomizer ,  va lues  o f  
1 -1 -1 D v e 5 ,  D32, and D31 were o b t a i n e d  t h a t  c o u l d  
b e  c o r r e l a t e d  w i t h  n i t r o g e n  gas f l o w r a t e  r a i s e d  t o  
t h e  1.33 power. T h i s  exponent o f  1.33 i s  t h e  same 
as  t h a t  d e r i v e d  t h e o r e t i c a l l y  i n  Ref .  5 f o r  l i q u i d  
j e t  a t o m i z a t i o n  i n  the  acce le ra t ion-wave breakup 
reg ime.  The f a c t  t h a t  exper imen ta l  r e s u l t s  aqreed 
w i t h  a t o m i z a t i o n  theo ry  was a t t r i b u t e d  t o  a n e g l i -  
g i b l e  l o s s  o f  s m a l l  d r o p l e t s  due t o  v a p o r i z a t i o n  and 
d i s p e r s i o n  a f f e c t s .  These a f f e c t s  were n o t  n e g l i -  
g i b l e  a t  a d i s t a n c e  o f  6.7 cm downstream o f  t h e  
a tomize r  o r i f i c e ,  where t h e  exponent  decreased t o  a 
v a l u e  o f  1.0. 
a t  a d i s t a n c e  o f  l e s s  t h a n  2.2 cm f r o m  t h e  a tomize r  
c h a r a c t e r i s t i c  d r o p  d iameters  i nc reased  marked ly  
due t o  i ncomp le te  breakup o f  t h e  l i q u i d  j e t .  W i t h  
a t o m i z e r  S-94, a t  a water  f l o w r a t e  o f  3.15 g /sec  
and a sampl ing  d i s tance  o f  2.2 cm, t h e  f o l l o w i n g  
exp ress ions  f o r  c h a r a c t e r i s t i c  d rop  d iamete r  o f  t h e  
i n i t i a l  sp ray  were ob ta ined:  
When t h e  l a s e r  beam was p o s i t i o n e d  
Dv.5 = 240 W:.33 
0;: = 400 W:'33 
P r o f i l e s  o f  c h a r a c t e r i s t i c  d r o p  d iamete rs  were 
a l s o  de te rm ined  f r o m  l i n e - o f - s i q h t  measurements 
made w i t h  t h e  s c a t t e r e d - l i g h t  scanner.  Such d a t a  
a r e  u s e f u l  i n  comparing t h e  per fo rmance o f  s i m i l a r  
a tomize rs  b y  p r o v i d i n g  i n f o r m a t i o n  concern inq  t h e  
s p a t i a l  d i s p e r s i o n  o f  d r o p  s i z e  c h a r a c t e r i s t i c s  
w i t h i n  t h e  sp ray  c r o s s  s e c t i c n .  R e p r o d u c i b i l i t y  o f  
t h e  s p r a y  d a t a  were w i t h i n  *5 pe rcen t .  A l so ,  i t  
was found t h a t  exper imen ta l  va lues  o f  t h e  exponents  
Nn and Nr, f o r  t h e  d rop -s i ze  d i s t r i b u t i o n  e x w e s -  
s ions ,  were n o t  a p p r e c i a b l y  a f f e c t e d  when t h e  samp- 
l i n g  d i s t a n c e ,  x, was v a r i e d  f r o m  2.2 t o  6.7 cm 
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( A )  ATOMIZER S-4. 
t c )  ATOMIZER S-53. 
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NITROGEN GAS FLOWRATE, Wn, LB/SEC 
(D) ATOMIZER S-94. 
FIGURE 4. - CORRELATION OF VOLUME MEDIAN DIAMETER D,.5 WITH 
NITROGEN GAS FLOWRATE. Wn. AT x = 4.4 CM. 
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FIGURE 5. - EFFECT OF SPRAY S N P L I N G  DISTANCE X ON CHARAC- 
TERISTIC DROP DIAMETERS D,.5 AND D32 WITH W, = 3.15 
G/SEC. 
4.33,  ( G / s E C ) ~ . ~ ~  
c (A )  AT SAMPLING DISTANCES. X. OF 2.2 cn. 
'5  2000 
7 
















2 0  2 4 6 8 
u 
~ l n . 2 ,  ( G / s E C ) ~ * ~  
(e) AT SAMPLING DISTANCE. il. OF 4.4 CM. 
wi.0. ( G / s E C ) ~ * ~  
(c)  AT SAMPLING DISTANCE. T(. OF 6.7 CM. 
FIGURE 6. - COMPARISON OF CHARACTERISTIC DROP 
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